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Microwave absorber with ultrawideband performance is urgently demand in the fields of "Stealth" technology and wireless communication systems, 1, 2 in which the absorber is used to reduce the radar cross section (RCS) of aircrafts and resolve electromagnetic interference problems. It is well known that the electromagnetic absorption (EMA) performance of the absorber is determined by the impedance characteristics and intrinsic EM dissipation efficient, which determines how much energy can be penetrated into the absorber and dissipated inside the absorber, respectively. Although plenty of effort has been paid on the development of novel filler materials to tailor the electromagnetic properties, both of high dissipation efficient and good impedance matching is difficult to be achieved simultaneously for the monolayer absorbers with sole filler materials in a wide frequency band. And thus, few of monolayer absorbers have achieved a sufficiently wide bandwidth that satisfies the requirements set forth in a wide variety of applications. 3 The multilayer absorbers composed of dissipation part and impedance matching part, which is realized by adopting different materials with distinct electromagnetic characteristic as fillers of each unit layer, is believe to be more promising for wideband applications than it does as the monolayer absorber. 4, 5 Generally, the filler materials for dissipation part is required to possess high dielectric or magnetic dissipation factor, which is relatively easy to be achieved in some commercial materials with high dielectric loss tangent, such as carbon nanotubes (CNTs), SiC whisker, and so on. 6, 7 As another important component, the permittivity and permeability of impedance matching part should be close to each other to ensure the characteristic impedance is well matched with that of free space. Since the microwave permeability of natural materials is usually lower than permittivity, the magnetic materials such as ferromagnetic alloy/oxidation composite nanoparticles with high microwave permeability and suitable permittivity are promising candidates for impedance matching materials. It is well known that the Snoek's limitation and eddy current effect are two key factors which results in the deterioration of permeability in microwave region. The high saturation magnetization of ferromagnetic alloy is beneficial to increase the Snoek's cut-off frequency. Meanwhile, the introduction of insulated oxidation would decrease the conductivity and thus suppress the eddy current effect. Therefore, higher microwave permeability is achieved much more easily in the ferromagnetic alloy/oxidation composite nanoparticles rather than the traditional ferrite and ferromagnetic alloy powders.
In this paper, CoFe x /Al 2 O 3 composite nanoparticles with different Co:Fe relative content were synthesized by hydrogen-thermally reducing cobalt aluminum ferrite. The effect of ferromagnetic component ratio on the electromagnetic properties was studied. An ultrawideband multilayer absorber with CoFe 3 /Al 2 O 3 as impedance matching layer is designed by genetic algorithm (GA) optimization. Moreover, the RCS reduction efficient and performance in oblique incident case is studied by using electromagnetic simulator.
II. EXPERIMENTAL
First, the precursor CoFe x Al 2Àx O 4 particles were prepared with a facile hydrothermal process as described in our previous work. 8 Herein, the ratio of Co:Fe (1:x) and content of insulated Al 2 O 3 was controlled by varying the relative concentration of reactants. And then, CoFe x /Al 2 O 3 composite nanoparticles were synthesized by reducing the precursor a)
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A multilayer absorber with the prepared CoFe x /Al 2 O 3 composite nanoparticles as filler materials of impedance matching layer and CoFe nanoflakes (CoFe NFs) 9 as filler materials of dissipation layer is designed by using GA method, in which the thickness of each unit layer is optimized to obtain the widest effective absorption frequency bandwidth (BW eff ). The BW eff is defined as the operation frequency bandwidth in which the reflection coefficient of absorber backed with perfect electrical conductive (PEC) plate is less than À10 dB.
The EM parameters of the composites containing CoFe x /Al 2 O 3 composite nanoparticles (20 vol.%) and paraffin (80 vol.%) were measured on a vector network analyzer (VNA, N5230A) on transmission/reflection mode. The EMA performance in the case of oblique incidence and RCS reduction efficient with PEC background was evaluated by using electromagnetic simulation software GEMS. nanoparticles is similar to the precursor ferrite particles and no serious agglomeration is found, which is different from the CoFe alloy particles without Al 2 O 3 phase prepared in our previous work. 8 As shown in Fig. 2(c) , although the reduction duration is shorter, a serious agglomeration among the reduced CoFe alloy particles can be clearly observed and the particle size is remarkably enlarged. For the CoFe 3 /Al 2 O 3 composite nanoparticles, the existence of Al 2 O 3 phase plays an important role as a "frame" to prevent the agglomeration phenomenon during the hydrogen-thermal reduction, which ensures the morphology of reduced particle controllable at high temperature. As indicated in Fig. 2(d As indicated in Fig. 3(b) , the real part of permeability (m') of CoFe 3 /Al 2 O 3 decreases gently from 2.32 to 1.33 in the frequency band of 2-18 GHz, which is remarkably higher than that of CoFe alloy nanoparticles with a similar particle size and higher M s value as reported in our previous work. 9 The improvement of permeability of CoFe 3 /Al 2 O 3 composite nanoparticles should be ascribed to the introduction of insulated Al 2 O 3 , which is beneficial to decrease the conductivity and thus suppress the eddy current effect. Actually, the conductivity is in fact confirmed to decrease from 7.8 Â Subsequently, a multilayer absorber adopting the impedance matching layer with CoFe 3 /Al 2 O 3 as fillers on the top and dissipation layers containing CoFe NFs as fillers on the bottom is designed and the thickness of each unit layer is optimized by using GA method. The EMA performance of multilayer absorber and corresponding monolayer absorbers containing, respectively, CoFe 3 /Al 2 O 3 and CoFe NFs as fillers is shown in Fig. 4 . As indicated in Fig. 4(a) , due to the good impedance matching characteristic of CoFe 3 /Al 2 O 3 which is originated from the high permeability and suitable permittivity, a BW eff of 10-18 GHz is achieved which is about 2 GHz wider than that of the reported CoFe alloy nanoparticles . However, because of the low intrinsic dissipation efficient, the reflection coefficient of the monolayer CoFe 3 /Al 2 O 3 absorber remains in a high level in the frequency band of 2-10 GHz. Similarly, although the intrinsic dissipation efficient of CoFe NFs is high as reported in reference, 9 the BW eff is narrow and just covers the frequency range of 3-4 GHz because of the poor impedance matching characteristic. Whereas, the good impedance matching characteristic of CoFe 3 /Al 2 O 3 and high dissipation efficient of CoFe NFs is well integrated and an ultrawideband BW eff over the frequency range of around 2.5-18 GHz is obtained in the multilayer absorber, and the reflection coefficient remains less than À15 dB in the frequency band of 5-15 GHz.
III. RESULTS AND DISCUSSION
Moreover, the backward scattering RCS of the multilayer absorber backed with finite PEC plate of (300 Â 300 mm 2 ) is evaluated by using electromagnetic simulation software GEMS. The backward scattering RCS is decreased at least 10 dB over an ultrawide bandwidth of 3-18 GHz by coating the multilayer absorber on the surface of PEC plate. And a decrease of RCS exceeding 20 dB around 6 and 11 GHz is achieved, which is well in accordance with the absorption peaks indicated in the reflection coefficient spectrum.
IV. CONCLUSIONS
In the present work, CoFe/Al 2 O 3 composite nanoparticles with different relative content of ferromagnetic component are synthesized by a hydrogen-thermally reducing cobalt aluminum ferrite. Compared with the CoFe alloy nanoparticles, the introduction of simulated Al 2 O 3 effectively prevents the agglomeration during the reduction process. Additionally, a remarkably microwave permeability and improved impedance matching characteristic is achieved in CoFe/Al 2 O 3 composite nanoparticles. An ultrawideband absorption performance covering the frequency band of 2.5-18 GHz is obtained in a GA optimized multilayer absorber with CoFe/Al 2 O 3 composite nanoparticles as fillers of impedance matching layer. The backward scattering RCS is revealed to decrease at least 10 dB over the frequency band of 3-18 GHz after covering the multilayer absorber on the surface of 300 Â 300 mm 2 PEC plate. 
